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激光诱导铝等离子体中原子和离子组分膨胀特性
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( 2018年 4月 3日收到; 2018年 5月 23日收到修改稿 )
为了了解等离子体中原子与离子组分的膨胀特性及背景气体存在状态下其运动状态的改变规律, 设计
了一系列实验, 并进行了深入探究. 采用波长为 532 nm的纳秒激光剥蚀铝样品形成等离子体, 并使用配有
emICCD检测器的C-T型三光栅单色仪对等离子体进行时序采集, 同时使用 2400 gmm 1的光栅替代窄带
滤光片进行不同组分成像诊断, 得到铝等离子体中Al I (396.1 nm), Al II (466.3 nm), Al III (447.9 nm) 的光
谱分辨图像. 在不同背景气压下采集了等离子体各组分光谱图像, 探究背景气体对等离子体演化的影响. 结
果表明, 在等离子体形成过程中, 离子组分相对于原子组分分布在羽流前端, 且角度分布较小. 原子与离子组
分的真空膨胀速度均处于 104 ms 1量级. 等离子体中离子组分的运动速度较高, 且其运动速度随着离子价
态的增加而增大, 但在本实验使用的能量密度范围下, 随激光能量的变化波动不大. 中性原子的运动速度较
慢, 但随能量的增加而增大. 随着膨胀过程的进行, 各组分羽流沿样品表面法线方向推进且发射强度逐渐降
低, 对应的羽流密度和温度也相应降低. 环境气压逐渐增大时, 各研究组分运动状态与在高真空度下时有明
显区别. 在气压大于 1 Pa后, 等离子体与环境气体发生相互渗透, 膨胀前端出现的晕影, 产生扰动, 发生束缚
缓速. 且等离子羽因气压增大而收缩、与背景气体的碰撞概率增加, 使得羽流发射强度加强, 等离子体的寿命
随之延长. 提出的新颖诊断方法与实验所得结果可为等离子体组分动力学过程的研究提供参考.
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1 引 言
近年来, 随着激光器的不断发展, 激光诱导等







多的成像方法中, 除了条纹相机成像外 [4], 增强型
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行二维 (two-dimensional, 2D)分析, 但大多报道的













集, 使用光栅 300 gmm 1 (分辨率为 0.66 nm)进
行光谱分析, 得到等离子体中激发态粒子发射谱
线信息; 使用光栅 2400 gmm 1 (分辨率 0.08 nm)
替代窄带滤光片进行等离子体羽流成像诊断实验,
实验装置如图 1所示. 采用Nd:YAG激光器 (型号
NL303G, EKSPLA), 输出二倍频波长532 nm的激
光, 脉宽约 5 ns, 频率 10 Hz, 通过衰减器调节后
能量范围为 2—50 mJ. 激光束由焦距为 6 cm的平
凸透镜聚焦到纯铝金属样品 (99.99%, New Metal
Materials Technology, China) 表面, 形成光斑直径
约 150 m. 环境气体为氦气, 样品室气压可调. 样
品放置在 2D样品台并以800 m步距进行移动, 移







Fig. 1. Experimental setup for the 2D spectra and time-resolved emission study.
3 结果与分析
纳秒激光脉冲作用下产生铝等离子体的能量
密度阈值 (Fth)可通过公式Fth = 
D1/21/2P 进
行计算 [6], 其中 为材料的密度 (2.7 gcm 3); 
为
汽化潜热 (1:085104 Jg 1); P为激光脉冲持续时
间 (5 10 9 s); D为热扩散系数 (0.9628 cm2s 1),





(National Institute of Standards and Technology,
NIST)数据库并归属标注对应发射谱线 [19], 结果
如图 2所示. 可以得出在能量密度小于 4 Jcm 2
的条件下, 等离子羽以中性粒子为主, 电离度较
低. 随着能量密度的升高, 样品吸收更高能量, 温
度升高, 等离子体中性粒子以及离子数目增多, 信
号强度增强. 选择其中 396.1 nm的Al I原子谱线、
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图 2 在距离样品表面 0.65 mm处, 激光作用后延迟 50 ns, 探
测门宽 200 ns下记录的等离子体发射光谱图 (气压为 2.8 Pa)
Fig. 2. Spectra of optical emission from the plasma recorded
at a delay of 50 ns with a gate of 200 ns and at a distance of














子Al I和离子Al II, Al III分析线在 100—500 ns,
60—140 ns, 60—100 ns的延迟时间之内的演化过
程, 显示Al I, Al II, Al III 在激光能量密度为12.5,




度. 计算得到的结果为: Al III (447.9 nm)离子具
有较高的离子平均速度 (约为3 104 ms 1), Al II
(466.3 nm)离子平均速度约为 1:8  104 ms 1, 而
原子组分具有相对较小的平均速度 (约 0:7 104—
1 104 ms 1).
对比图 3中延迟 100 ns时原子和离子的 2D图
像, 从图 3 (b)和图 3 (c)可以看到离子相对于原子
















闩等 [23]的实验结论相符合. 此外, 采集激光能量
密度为 14.2 Jcm 2, 延迟为 150 ns的三种研究粒
子的LIP时间积分图像, 积分时间 500 ns, 绘制发










20.8 Jcm 2, 气压范围为0.1—104 Pa, 得出LIP中
各研究组分的延迟演化图像 (见图 5 ). 由图 5可知,
等离子体在低气压 (0.1 Pa)下可以自由膨胀, 此时
背景气体对它的影响较小. 当气压大于 1 Pa时, 等
离子体与环境气体发生相互渗透, 对应于图 5膨胀
前端出现的晕影, 产生扰动. 随着气压进一步升






体的束缚而减速. 从图 5 (a)可以看到在 1000 ns延
迟下, 10 Pa气压下的原子羽流弦月状前沿距离样
品表面约 16.5 mm, 而在104 Pa气压下前沿压缩至
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7.5 mm左右, 另外, 以延迟 100 ns下的 2D图像最
大强度值降低 e 1来比较等离子体的寿命, 图 5 (a)
中 0.1 Pa气压下其约为 0.5 s, 100 Pa气压下约为





图 3 铝等离子体羽流在不同激光能量密度下演变的 2D演化图像 (a) Al I; (b) Al II; (c) Al III
Fig. 3. 2D evolution images of Al plasma plume in different laser energy density. Images
show evolution of the different components: (a) Al I; (b) Al II; (c) Al III.
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Al I (396.1 nm)
Al II (466.3 nm)




















图 4 在激光能量密度为 14.2 Jcm 2, 延迟为 150 ns 时LIP时间积分图像与归一化后三种成分的典型发射线沿着表面法向发射强度的分布
Fig. 4. LIP’s time integral images and the emission intensity distribution images of the three components’ typical emission lines
along the normal of the surface after normalization at laser energy density of 14.2 Jcm 2 and delay time of 150 ns.
图 5 0.1—104 Pa压力下, 激光能量密度为 20.8 Jcm 2时铝等离子体羽流中激发粒子的 emICCD图像 (a) Al I (396.1 nm); (b) Al II
(466.3 nm); (c) Al III (447.9 nm)
Fig. 5. emICCD images of excited species from the expanding aluminum plasma plume at 50 mJ incident laser energy under
pressure range of 0.1—104 Pa: (a) Al I (396.1 nm); (b) Al II (466.3 nm); (c) Al III (447.9 nm).
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Abstract
A series of experiments is designed in order to investigate the expansion and movement characteristics of atoms and
ions of the plasma in the presence of ambient gas. To obtain two-dimensional spectral images of different components in
the plasma, a nanosecond laser with a wavelength of 532 nm is used to ablate an aluminum sample, forming the plasma.
A C-T type of tri-grating monochromator with an emICCD detector is used for diagnosing the plasma chronologically.
At the same time, a 2400 gmm 1 grating is used to replace the narrowband filter for imaging diagnosis of different
components in vacuum. The spectrally resolved images of Al I (396.1 nm), Al II (466.3 nm), and Al III (447.9 nm) in
aluminum plasma are obtained. Besides, the spectral images of plasma components under different ambient pressures are
collected to explore the influence of background gas on plasma evolution. The results show that in the plasma formation
process, the ion component is distributed in the anterior segment of the plume relative to the atom component, and its
angular distribution is smaller. The vacuum expansion rates of atoms and ions are all on the order of 104 ms 1. The
movement speed of the ion component in the plasma is higher than that of atom component, and its movement speed
increases with the valence of the ion increasing. In the energy density range used in this experiment, the velocity varies
slightly with the laser energy. For the neutral atom, the velocity increases obviously as the energy increases. With the
expansion process progressing, each component of the plume advances along the direction normal to the sample surface,
and the emission intensity gradually decreases, the corresponding plume density and its temperature also decrease. With
the ambient pressure increasing, the movement characteristics of each component are obviously different from those
under high vacuum. At a pressure higher than 1 Pa, the plasma and the ambient gas are infiltrated with each other,
vignetting appears in the front of the plume, disturbance occurs, causing the expansion speed to decrease. In addition,
the plasma plume shrinks due to the increase of pressure, and the probability of collision with the background gas
increases, so that the plume emission intensity is strengthened and the plasma lifetime is prolonged. The results of the
new diagnosis method and the experimental results demonstrated in this study can provide a reference for the study of
plasma component dynamic process.
Keywords: plasma spectral analysis, plasma expansion evolution, laser excitation and ionization
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